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Abstract: Pyrocystis lunula is considered a model organism due to its bioluminescence capacity linked
to circadian rhythms. The mechanisms underlying the bioluminescent phenomenon have been well
characterized in dinoflagellates; however, there are still some aspects that remain an enigma. Such is
the case of the presence and diversity of the luciferin-binding protein (LBP), as well as the synthesis
process of luciferin. Here we carry out a review of the literature in relation to the molecular players
responsible for bioluminescence in dinoflagellates, with particular interest in P. lunula. We also carried
out a phylogenetic analysis of the conservation of protein sequence, structure and evolutionary
pattern of these key players. The basic structure of the luciferase (LCF) is quite conserved among the
sequences reported to date for dinoflagellate species, but not in the case of the LBP, which has proven
to be more variable in terms of sequence and structure. In the case of luciferin, its synthesis has been
shown to be complex process with more than one metabolic pathway involved. The glutathione
S-transferase (GST) and the P630 or blue compound, seem to be involved in this process. In the same
way, various hypotheses regarding the role of bioluminescence in dinoflagellates are exposed.
Keywords: luciferase; luciferin-binding protein; luciferin; P630; blue compound; glutathione S-transferase
1. Introduction
Dinoflagellates are the most important eukaryotic protists that produce light [1,2]. This singularity
has inspired not only literature and art, but also an intensive scientific dissection [3–5]. Pyrocystis has
been a main model genus for a long time in the study of bioluminescence in dinoflagellates [6–10] as
well as in the development of some biotechnological applications associated with its bioluminescence
capacity [11–13].
All dinoflagellates belong to the Dinophyceae group and have been unchallengeably placed
using extensive molecular phylogenetic data within the Alveolata group, being closely related to the
Apicomplexa group, which includes many parasitic species [14]. Pyrocystis (Dinophyceae) spends a
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large part of its life as a non-mobile cell on a shell covered with cellulose [15,16]. Pyrocystis includes a
small number of marine species that have a cosmopolitan distribution [17]. The life cycles of P. lunula,
as in other species of this genus, it is characterized by a normal asexual reproduction linked to simple
alternations of coccoid cells and morphologically different transitory reproductive stages. There are
different reproductive bodies depending of the species. In the case of P. lunula, the reproductive bodies
are athecate-uniflagellate planospores. In P. noctiluca and P. fusiforrnis are athecate aplanospores. For P.
lanceolate are athecate-biflagellate, and in P. acuta are thecate-biflagellate [18]. Furthermore, evidence of
sexual reproduction has been reported in P. lunula [19]. The P. lunula lifestyle is also characterized by
the execution of vertical migrations in relation to the circadian rhythm [20].
The bioluminescent light is generated by a chemical reaction. Although the process is not the same
in all the bioluminescent organisms, most of them share the same base reaction; where the LCF enzyme
reacts with the luciferin (substrate) in presence of oxygen and produces an oxyluciferin that emits a
photon while it decays from a high to a low energy state. There are exceptions to this base reaction,
for example, in some luminous earthworms [5] and acorn worms [21], the bioluminescent event is
triggered by H2O2 and not for O2. Besides, the electronic structures, absorption and fluorescence
spectra of luciferin, its six analogues and its oxidized form, oxyluciferin showed clear evidence of the
lack of fluorescence in Latia neritoides [22].
The cellular mechanisms and the genes involved with bioluminescence in dinoflagellates are well
characterized. The bioluminescence system in these organisms is unique, from a molecular and cellular
point of view. The production of light takes place in specialized organelles, the scintillons, which
contain the LCF enzyme, the substrate luciferin, and in most cases LBP [23–26]. The light emission
is based on LCF-catalyzed oxidation of the luciferin, generally protected from oxidation by LBP that
binds the luciferin at physiological pH. Furthermore, molecular studies have demonstrated a high
variation in the sequences of LBP, showing a highly diverse gene family including several non-identical
copies arranged in tandem within the genome [27,28], like in Lingulodinium polyedra [27,29,30], Noctiluca
scintillans [31], Alexandrium spp. [32–34] and Pyrocystis lunula [35]. The LBP has also been found in the
genera Gonyaulax, Ceratocorys, Protoceratium [36,37].
Until recently, it was thought that the genus Pyrocystis was among the few ones lacking the
presence of the LBP [23,25,37] such as in genera Ceratium, Fragilidium, and Protoperidinium [37];
however, this fact was refuted by the recent detection and characterization of LBP in P. lunula [30].
Emerging information shows substantial evidence that LBP is an integral component of the standard
molecular bioluminescence system in dinoflagellates [35,37,38].
Another important fact that today remains an enigma refers to what is the exact mechanism
underlying the luciferin synthesis process. In P. lunula, in contrast to other bioluminescent
dinoflagellates, the levels of LCF and luciferin are constant throughout the daily cycle [25].
Therefore, the rhythm is related to changes in their intracellular localization, instead of daily de
novo synthesis and destruction of all the components [16,39]. According to available evidence, it has
been proposed that luciferin can be synthesized through different ways, and is thought to be universal
in dinoflagellates, because luciferin from any dinoflagellate bioluminescent species can be used it
as subtract to produce light [40]. It was suggested that luciferin is a photo-oxidation breakdown
product of chlorophyll a [41]; however, this would not be true in all cases since L. polyedra only contains
luciferin during the night period when photo-oxidation is not possible; and Protoperidinium crassipes
can preserve even one year its bioluminescence in the absence of food with chlorophyll or luciferin [42]
and, therefore, it can be suggested that it contains luciferin originated from a different precursor. It is
likely that more than one mechanism is responsible for luciferin production [38]. In fact, a study with
amino acid tracers has confirmed the intracellular production of luciferin [43], and in this regard,
Fresneau and Arrio [44] argue that bioluminescence in dinoflagellates is ruled by the reduction state
of the luciferin precursor. Regarding the controversies in relation to these issues, we have made a
bibliographic search and metanalysis that explores the current available knowledge in relation to the
function of bioluminescence in dinoflagellates and the description of the classic components of the
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system, such as the LCF. It also gives some new perspectives regarding the phylogenetic diversity
of LBPs and the process of synthesis of luciferin, and therefore of the bioluminescent mechanism
underlying these organisms. Due to the ecological importance of Dinophyceae in marine environments
and to the bioluminescence as a strategy for competition and/or survival, we carry out, on one hand,
a comprehensive literature review to compile all the knowledge about the key players involved in the
production of bioluminescence in dinoflagellates, and, on the other hand, we carry out a phylogenetic
analysis of the conservation of protein sequence, structure and evolutionary pattern of these key players.
2. Phylogenetic and Structural Analyses
Sequences of the dinoflagellate species for the genes LCF, LBP and GST were downloaded from
GenBank (Table 1). Sequences were aligned using MUSCLE software [45] and the phylogenetic
analysis was carried out using the Maximum Likelihood method based on the General Time Reversible
model [46] using MEGA software v 7.0.14 [47] with 1000 bootstrap value [48]. A discrete Gamma
distribution was used to model evolutionary rate differences among sites (5 categories). The prediction
of the 2D/3D structure of the conserved regions analyzed, were carried out using the Phyre2 web
server [49] (www.sbg.bio.ic.ac.uk/~{}phyre2/html/page.cgi?id=index) and the resulting structures were
visualized with the molecule modelling software EzMol (version 1.22, www.sbg.bio.ic.ac.uk/ezmol) [50].
Sequence logo was made using WebLogo (weblogo.berkeley.edu).
Table 1. Accession numbers of the sequences reported in GenBank for the luciferase (LCF), luciferin
binding protein (LBP) and glutathione S-transferase (GST) in the species of microalgae.
Species LCF LBP GST
Alexandrium affine AAV35377 AFN26992 /
Alexandrium catenella / ABY78836 /
Alexandrium fundyense AEW67906 AFN26994 /
Alexandrium monilatum AEW67931 AFN26995 /
Alexandrium ostenfeldii AOG16037 / /
Alexandrium tamarense AAV35378 AFN27008 /
Coratocorys horrida AEW67919 AFN27015 /
Gonyaulax spinifera ABO61069 / /
Lingulodinium polyedra O77206 AAA29165, AAA29166 /
Noctiluca scintillans AED02505 AHB24369 /
Protoceratium reticulatum AAV35381 AFN27016 /
Pyrocystis fusiformis AAV35379 / /
Pyrocystis lunula AAL40676, AAL40677, AAL406778 MN259726, MN259727 AAN85429
Pyrocystis noctiluca AAV35380 / /
Pyrodinium bahamense KX377172 / /
Tripos digitatus AEW67915 / /
3. Dinoflagellate Bioluminescent System
Bioluminescence has been reported within dinoflagellates only in marine species in approximately
6% of all genera [51]. This system is similar between species regarding the cross-reactions
between enzymes and substrates, pH activity profiles and their cellular location in the scintillons,
the light-emitting organelles [23,52]; however, as with all bioluminescence systems, this is unique
from a molecular and cellular perspective. The scintillons [53] contain the luciferin, the LCF and,
in some species, LBP [23–25]. The scintillons are organelles [24,52] which, during dark hours,
are distributed around the periphery of the cell [16]. A flash of light is induced by an action potential
along the membrane of the vacuole, trigger by a mechanical stimulus of the cell, and involving of a
voltage-dependent proton channel [54,55]. This produce a reduction in pH (i.e., from 8.0 to near 6.0)
within the scintillons, which activates the LCF and causes the LBP to release the luciferin (Figure 1),
making it available for oxidation by LCF [29]. After full stimulation during the dark period, a single
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cell of P. lunula emits approximately 4 × 109 photons, which is an order of magnitude greater than the
light emitted by Pyrodinium bahamense and L. polyedra [37,56].Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 4 of 23 
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3.1. Luciferase (LCF) 
Dinoflagellate LCF catalyzes the oxidation of luciferin by molecular oxygen, originating an 
electronically excited oxyluciferin that emits blue light at λmax of 480 nm. In P. lunula, as in all the 
Gonyaulacales studied so far, LCF (MW = 137 kDa) has a single luciferase/LBP N terminal domain 
. l i i fl ll tes, s o ing the effect f n th BP a F.
ifi from the proposed model by Rüdiger Hardeland (http://tolweb.org/notes/?note_id=5621) and
work published by Morse et al. [30]. The structure of LBP is not know , the one shown here it was
obtained by using the P. lunula sequence into Phyre2 and it is shown for illustration purposes nly.
The structure of LCF shown here as predicted in Phyr 2 using th P. lunula sequence, as explain in the
text nd in Figure 2.
Light emission occurs in different ways. The flashing consists of brief (0.1 s) and intense light
(peak i te sity, ~109 quanta s-1 cell-1). Cells can also emit a low intensity emission that gradually
rises to a peak (~104 quanta s-1 cell-1), and decrease to zero until the end of the night. The total
quantity of light produced by the glow each day is about 107 quanta cell-1 [57]. How the circadian
regulation of the bioluminescence in P. lunula is accomplished is unknown; nevertheless, it was
reported that the localization of the scintillons differs during the daily cycle [9,58,59]. In this case,
the scintillons are relocated in relation to chloroplasts in an interchangeably way, so that during the
night the scintillons are in the periphery of the cell and migrate to the center in the day. In this way,
by preventing stimulation, they can modulate the bioluminescent intensity during the day [19,60].
Bioluminescence represents one of the fastest mechano-sensitivity systems known to date, as the delay
between stimulus and response is only of 15–20 ms [61–64].
3.1. Luciferase (LCF)
Dinoflagellate LCF catalyzes the oxidation of luciferin by molecular oxygen, originating an
electronically excited oxyluciferin that emits blue light at λmax of 480 nm. In P. lunula, as in all the
Gonyaulacales studied so far, LCF (MW = 137 kDa) has a single luciferase/LBP N terminal domain
and 3 catal tic domains, preceded by helicase bundle domains (Figure ), with each catalytic domain,
of approximately 46 kDa, being enzymatically active, and its coding sequence is arranged, within the
genome, in several copies in tandem [65,66]. In P. lunula there are three different isoforms of the LCF
gene: LCFa (GenBank AF394059.1), LCFb (GenBank AF394060.1), and LCFc (GenBank AF394061.1) [34],
and the primary structure is highly conserved [67].
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The alignment of the sequences of all three catalytic domains in the available species of
Gonyaulacales shows the presence of 2 highly conserved domains (Figure 3) that should be associated
to the catalytic function of the enzyme. The sequence logo shows 87.2 and 93.8 identity in the amino
acid sequences in regions 1 and 2, respectively. The phylogenetic analysis of the LCF domains of
the species of Gonyaulacales, using LCF from N. scintillans as an outgroup, which only contains one
catalytic domain, shows an evolutionary pattern very similar for each of the three domains (Figure 4).
The phylogenetic relationship among the species is conserved but has some differences to a previously
publish study (Figure 5) [68], since the tree presented here shows a closer relationship between the
species of the genus Alexandrium and P. reticulatum and C. horrida than to the genus Pyrocystis, which is
the opposite to what is reported in the phylogenetic relationship built using the sequences of 8 different
genes (28S, 5.8S, 18S, cox1, cob, beta-tubulin, actin, and hsp90). It is likely that the formation of the
three domains occurred by duplication of domain 1 and before the diversification of the Gonyaulacales,
as is a common feature in all of the sequenced species, but there is no evidence if the three domains are
present outside of the Gonyaulacales, since there is no report of the full LCF sequence in any other
dinoflagellate outside this order, other than N. scintillans.
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Figure 2. (A) Sequence of P. lunula LCF protein A (GenBank AAL40676) showing the Luciferase/LBP 
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Figure 2. (A) Sequence of P. lunula LCF protein A (GenBank AAL40676) showing the Luciferase/LBP
N-terminal, helical bundle and catalytic domains, as well as the two conserved regions within the
catalytic domain. (B) Our prediction of the 2D/3D structure of the first helical bundle (yellow) and first
catalytic domain of the LCF (blue) of P. lunula (GenBank AAL40676), showing the conserved regions 1
(red) and 2 (green), made with Phyre2 web server and visualized with EzMol, as described in the text.
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In L. polyedra, the activity of LCF was reported to be maximum at pH 6.3, decreasing at pH
8 (almost to zero). Four intra-molecularly conserved histidines in the LCF helical bundle domain
are linked to the loss of activity at high pH [69]. These histidine residues are also conserved in P.
lunula [39,65–67,70], as well as in the other species analyzed here, as are the whole helical bundle
domains (Figure 6). The first two of the conserved histidines are preceded by glycine and leucine and
the last two are in a highly conserved region formed by ten amino acids.
The structure of the 3rd domain of L. polyedra LCF was reported [71], and the general structure
can be divided in two main parts: 1) the barrel-like, that compresses the core of the enzyme and has
the active site where the oxidation of luciferin and light production occur, and 2) the lid of the barrel,
which is closed by a three-helix bundle that acts like a regulatory structure at the top. This structure
is very similar to the one reported here as a prediction for P. lunula LCF catalytic domain (Figure 2),
with the conserved regions 1 and 2 located at the walls of the barrel, which suggest that it is likely to
be a good approximation of the real structure. Molecular dynamics studies suggest that once the pH
drops near 6, the regulatory N-terminal histidines begin a conformational change in the three-helix
bundle [72]. The lid of the barrel opens and admit the access of luciferin to the active site, where it is
oxidized. In this structure, water molecules are occupying the active site that would be taken by the
luciferin during the bioluminescent event. The N-terminal histidine residues that control the activity
by pH are at the link between the helices in the bundle. The pKa of the histidine generally ranges 6-6.5,
which indicates that the protonation state of these residues possible change when the pH drops below
6.5, where LCF is active. For LCF, the activity is regulated by the protonation state of the histidine
residues located outside the active site [72].
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Figure 3. Sequence alignment of the conserved regions 1 (A) and 2 (B) found in the LCF comparing
across the thr e l i domains and the available sequences from the speci s of the genera Alexa d ium,
Lingulodinium, Pyrocystis and Protoceratium. Numbers on top of each region corresp d to the amino
acid position in P. lunula protein (GenBank AAL40676). Asterisks are showing the conserved amino
acids in each position. Coloring of the amino acids was made according to the same pattern displayed
in MEGA7 software. Sequence logo was made using WebLogo, as descri ed in the text.
Recently, Donnan et al. [73] applied Constant pH Molecular Dynamics to study the structural
changes linked with the activation of LCF upon acidification. The protonation of some residues,
including the previously reported intra-molecularly conserved histidines, and the H1064/H1065 dyad
(inside the catalytic domain), correlates with a large-scale structural change in which the helical bundle
domains are regrouped to allow luciferin access to the active site. In parallel, the β-barrel expands and
a putative active site base, E1105, takes into position starting the catalysis reaction.
PCR using genomic DNA of P. lunula showed that both LCFa and LCFb but not LCFc are in
tandem repeats, but there is no identifiable promoter in the intergenic spacers, which has led to the
suggestion that tandem gene repeats may form a polycistronic transcript, very similar to the reported
in the case of Trypanosoma [38,74]. This could increase the efficiency of the transcription/translation
of LCF.
In some cases, like in L. polyedra, the abundance of LCF protein shows a circadian rhythm,
being synthesized in the early night and destroyed in the course of the day. Nevertheless, there are
clear differences in the P. lunula system, where flicker but not brightness has a circadian rhythm.
Moreover, the quantities of luciferin and LCF are constant during the day and night in P. lunula [9,25].
In relation to why a mechanism of de novo synthesis of the molecular components of the bioluminescent
system exists in some species, such as L. polyedra, which is somehow unexpected having in mind the
energy expenditure involved, Hasting [20] suggested that it may represent a mechanism to conserve
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nitrogen. For instance, amino acids released from the hydrolysis of LBP and LCF, could be available
for the biosynthesis of other proteins over the course of the circadian cycle [20].Int. J. Mol. Sci. 2020, 21, x FOR PEER REVIEW 8 of 23 
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Figure 4. Molecular Phylogenetic analysis by a Bayesian method, showing the evolutionary pattern of
the three catalytic domains in the species of dinoflagellates with protein sequences available, using the
sole catalytic domain from N. scintillans as outgroup. The percentage of trees in which the associated
taxa clustered together is shown next to the branches. There was a total of 297 positions in the final
dataset and the tree is drawn to scale, with branch lengths measured in the number of substitutions
per site.
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In the case of P. lunula, which also exhibit a circadian rhythm of bioluminescence but do not
destroy and resynthesize LCF, the mechanism may be related to the ecology of this species as they
make a daily vertical migration to deeper waters, where nitrogen is more available. It is also presumed
that the high number of copies of LCF resulted from an increase in the requirement of a large quantity
of this protein, which exercises a selective pressure for the retention of duplicate genetic copies [70,75].
Another possible reason for the presence of three active catalytic sites on a single molecule could be
related to an enhancement in LCF activity without an increase in the colloidal osmotic pressure inside
the scintillon [72].
3.2. Luciferin-Binding Protein (LBP)
L. polyedra represents the model organism for studies with LBP [27,30,76]. In this species, LBP
has been found to be very abundant (up to 1% of the total proteome) [30]. One isoform of the protein
sequence contains a LCF/LBP N-terminal domain (pfam05295, Luciferase_N), highly similar to the one
found in LCF. It has been suggested that this region may mediate an interaction between LBP and
LCF or their association with the vacuolar membrane [37]. It does not appear to be a signal or transit
peptide, and LCF and LBP do not transit through the membrane in the formation of the scintillons [77].
Scintillons are formed near the Golgi, where the two proteins are associated before migrating together
to the vacuolar membrane [72].
In L. polyedra, LBP is represented by two gene types which share a high sequence identity
and that encode for two proteins expressed in the same levels [27,30]. Multiple isoforms of genes
related to bioluminescence are common in LBP and LCF in some Gonyaulacales species [27,39,67].
Furthermore, each gene type is present in different copies arranged in tandem, originating more
divergence among this gene family [27,28]. Published research [35,37] have shown the diversity and
distribution of LBP in several Gonyaulacales, such as A. affine, A. fundyense, A. monilatum, A. catenella,
A. tamarense, Ceratocorys horrida, Gonyaulax spinifera, Protoceratium reticulatum, and L. polyedra (Figure 5).
The phylogenetic analysis of the LBP sequences available in GenBank shows an evolutionary
pattern very similar to that obtained in the analysis of the catalytic domains of LCF (Figure 7), differing
from the pattern seen in the Gonyaulacales (Figure 5), when analyzing 8 different genes (28S, 5.8S, 18S,
cox1, cob, beta-tubulin, actin, and hsp90) [68]. This analysis shows LBP sequences from C. horrida and
P. reticulatum being very closely related to the species of Alexandrium, while the sequence from P. lunula
seems to be the most divergent.
In the case of Pyrocystis, it was reported to lack expressed LBP [23,25]. Nevertheless, a recent
transcriptome and proteome study reported two different types of LBP being present in P. lunula [35],
one that correspond with the individual gene LBP (GenBank MN259726), highly similar to A. tamarense
(GenBank AFN27006.1) [37], and another that represent a gene fusion between LCF/LBP (GenBank
MN259727), similar to L. polyedra (GenBank AAA29164.1 and AAA29163.1) [27] and A. cantenella
(GenBank ABY78836.1) [33].
LBP sequences have shown to be a very large and highly diverse gene family [27,28] and despite
many efforts, the differences in the sequences between species has precluded the design of universal
primers for LBP, as previously reported for LCF [67]. In a similar way, on Alexandrium spp., LBP
sequences showed more than one type of this protein, which is in line with previous observations of
their LCF gene sequences [67]. Studies in N. scintillans also showed that LBP is present in diverse
forms and as a result of important evolutionary events like as fission or fusion of genes. The combined
LCF/LBP gene previously reported for this organism [31,37], consist of part of the LCF N-terminal
domain and the LCF catalytic domain followed by the LBP domain. The characteristic element of the
hybrid LCF/LBP is the presence of the LCF/LBP N-terminal domain present in the separate genes of
LCF and LBP in the photosynthetic species.
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These sequences, which shared the LBP domain and the N-terminal region, but not the LCF
domain, corresponded to 2 different genes: a single separated LBP, and the combined LCF/LBP. In the
case of N. scintillans, it was confirmed the expression of both genes [37]. It has been suggested that a
second LBP could have another related function, either by binding luciferin in the scintillons or in the
cytoplasm; however, this is a hypothesis that still needs to be unraveled [31]. In case that LCF/LBP
of N. scintillans is ancestral to the separated LBP and LCF in photosynthetic species, as suggested by
their phylogeny [68], the single LBP of N. scintillans could have been originated by mRNA splicing
off the LCF/LBP gene and later was inserted by retro transposition in the genome, condition that was
acquired by the modern species [78,79]. The N-terminal region in these genes suggest this hypothesis.
Having separate genes for LBP and LCF could allow a differential regulation. This can represent
an advantage as LCF has a triple catalytic capacity in the modern photosynthetic species [37], while
LBP needs to be proportional to luciferin (stoichiometrically) [29]. The LCF N terminal domain shows
high conservation between the LCF and LBP proteins and among the photosynthetic species with
available sequences (Figure 8), highlighting the important role that this domain has for the function of
both proteins in the bioluminescence system. Interesting is the high frequency of both charged and
non-charged polar amino acids, which could suggest a role in the interaction of these proteins with the
polar surface of the phospholipids in the membranes.
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Figure 8. Sequence alignment of the luciferase/LBP N terminal domain contained in the LCF, LBP
and GST from the species of the genera Alexandrium, Lingulodinium, Pyrocystis and Protoceratium that
have their protein published in GenBank. Coloring of the amino acids was made according to the
same pattern displayed in MEGA7 software. Sequence logo was made using WebLogo, as described in
the text.
3.3. Luciferin
P. lunula luciferin is a tetrapyrrole-type molecule (Figure 9), similar to chlorophyll a and
euphausiid shrimp luciferin (Euphasia superba) [40,80]. This luciferin is extremely labile to oxidation,
photo-oxidation at high salt concentration, and at low pH [81]. P. lunula has been reported to
contain larger quantities of luciferin than any other dinoflagellat [45], even 100 times more than L.
polyedra [25,80]. Furthermore, lucifer n purified from P. lunula can cross-react with the LCFs of many
other bioluminescent dinoflagellate species and could even cross-react with the bioluminescent system
of the krill E. superba [23,82].
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It was suggested that luciferin of P. lunula is a photo-oxidation breakdown product of the
chlorophyll a [41]. LCF from any dinoflagellate can use it to produce light [40]. Based on this, Liu
and Hastings [31] suggested that heterotrophic species take the luciferin nutritionally, directly or by
degradation of chlorophyll from the prey. Nevertheless, the hypothesis that luciferin is originated from
photo-oxidized chlorophyll [41] would only be plausible for P. lunula, which maintains its luciferin
throughout all the daily cycle. On the other hand, fluorescent luciferin only appears in L. polyedra at the
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beginning of the night [26], so its synthesis cannot be explained by the photo-oxidation. Furthermore, P.
crassipes (heterotrophic) can maintain its bioluminescence for a long period of time (even one year),
in the absence of chlorophyll or luciferin containing food [42] and, therefore, must synthetized luciferin
from another precursor. It is likely that more than one mechanism is responsible for the production of
luciferin [30,38].
In fact, using amino acids tracers, Wu et al. [43] have confirmed the intracellular production
of luciferin in P. lunula, and Fresneau and Arrio [44] argue that bioluminescence in this species is
regulated by the reduction state of the luciferin precursor. It was demonstrated that luciferin and P630,
so called by his maximum excitation wavelength (630 nm), present the same peptide moiety. This is a
chromo-peptide more stable than luciferin in methanol solutions at low temperature. P630 is composed
of a polypeptide of 4.8 kDa, and a linear tetrapyrrole such as luciferin (600 Da). Cations may oxidize
P630 or cleave the bond between the extended tetra-pyrrole and the peptide chain. Reduction of
P630 could be performed enzymatically by a NAD(P)H-dependent oxidoreductase, or chemically
by dithiothreitol or 2-mercaptoethanol. The state of reduction, monitored by the fluorescence and
absorption emission, revealed a conformational change (pH dependent) of the chromo-peptide.
These authors also report that reduced P630 has the same spectral characteristics as the purified
luciferin. Furthermore, LCF can oxidize the reduced P630 with a light emission at 480 nm. It is also
important to indicate that luciferin, at −20 ◦C on methanol, is spontaneously and partly convert into
P630. This evidence points out of the interconversion P630-luciferin could be the oxide-reduction
equilibrium [44]. These reports also suggest that reduced P630 is a luciferin, and the oxidized form
appears to be the precursor of luciferin [83]. According to Fresneau and Arrio [44], the bioluminescent
event is a complex process ruled by at least two successive reactions (Figure 10). The first is the
reduction of the luciferin precursor P630 by a NAD(P)H-dependent reductase [83]. The second is
the well-known LCF-luciferin reaction (Figure 1). Since P630 is reversibly reduced, seems to be an
interchange point of reducing power involving a different electron transfer pathway. According with
these authors, the electron transfer system regulating the reduced P630 level should be considered as
the luminescence source [44]. P630 seems to be linked to complex light-modulated reactions in plant
metabolism [84].
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to a Dexter energy transfer. According to these authors, the fact that luciferin, opposite to 
oxyluciferin, is fluorescent, with a λem very similar to the bioluminescence emission maximum, was 
confirmed using the Time-Dependent Density Functional Theory (TD-DFT). Based on this, it was 
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Figure 10. Light e ission process proposed by Fresneau et al. (1986) hich is controlled by at least
t o successive reactions, here in the first the reduction of the luciferin precursor P630 is carried out
by a NAD(P)H-dependent reductase, maybe GST, and in the second, the emission of light is carried out
by LCF.
At this point is very important to note that Nakamura et al. [40] reported a product with a
characteristic deep blue color during the purification process of dinoflagellate luciferin. This substance
(called in this case blue compound) was isolated and purified. Nakamura et al. [40] reported that blue
air-oxidation product showed UV-visible absorption maxima at 633 and 590 (shoulder) nm, suggesting
the presence of a chromophore more conjugated than the found in luciferin. The UV-visible spectrum
reported for the blue compound was the following: (80% methanol containing 0.1% NH40Ac) 234, 254,
315, 370, 410, 590 (shoulder), and 633 nm; and the FAB mass spectrum was (glycerol) m/z 587 [(M −
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2Na + 3H)+], 609 [(M − Na +H)’], and 631 [(M + H)’]. These data agree with that reported by Fresneau
et al. [83] for P630: maxima absorption of P630 (oxidized) 630-370-315-250 nm; P630 (reduced) 390 nm;
P630 maximum fluorescence excitation 630 nm; so, it could be suggested that the blue compound,
the precursor P630, and the luciferin are different stages of the same molecule (Table 2).
Table 2. Absorption, fluorescence excitation, and emission maxima (nm) of P630 oxidized, P630






P630 oxidized 630-370-315-250 630 675
P630 reduced 390 390 480
Luciferin 390-250 390 480
According with Fresneau and Arrio [44], the bioluminescence in dinoflagellate could be thought
of as a metabolic process involved in the regulation of excess intracellular reducing power produced
by respiration and photosynthesis. This hypothesis is congruent with the findings of a specific
chlororespiration reported on plant chloroplasts by Bennoun [85] and with other evidences found
in cyanobacteria [86,87] of an alternative mechanism of respiration in photosynthetic thylakoid
membranes [88].
Recently, Wang and Liu [80] suggested a mechanism of LCF catalysis in dinoflagellates linked to a
Dexter energy transfer. According to these authors, the fact that luciferin, opposite to oxyluciferin,
is fluorescent, with a λem very similar to the bioluminescence emission maximum, was confirmed
using the Time-Dependent Density Functional Theory (TD-DFT). Based on this, it was proposed that
an excited state oxyluciferin intermediate originated during the LCF catalysis could transfer energy to
another molecule of luciferin, or an analog, which would then serve as the bioluminophore by relaxing
with the radiative emission of light.
Nevertheless, Ngo and Mansoorabadi [89] suggested that, in dinoflagellates, an excited state
intermediate derived from the reaction between O2 and luciferin, an excited state gem-diol(ate)
intermediate, can function directly as luminophore. These authors also used the TD-DFT to study the
diverse nominated LCF catalysis mechanisms. The comparison between the emission wavelength
and the thermodynamic feasibility, suggest that a gem-diol(ate) intermediate as the bioluminophore,
over a hydroperoxide or peroxy anion. These authors indicate that if the LCF catalytic cycle starts
with the E-isomer of luciferin, which is more stable, the process probably implicate a Chemically
Initiated Electron-Exchange Luminescence (CIEEL) mechanism. This process has been referring to
explain other bioluminescent reactions, as in the case of fireflies [57,90,91]. However, if luciferin has the
Z-configuration, the data suggest that a twisted excited state gem-diol(ate) intermediate could serve
as the bioluminophore. In this case, LCF would catalyze a Twisted Intramolecular Charge Transfer
(TICT) reaction. TICT states have been related on several photochemical reactions but until recently
had not been linked to any bioluminescent system [89,92]. Could the P630–blue compound molecule
be considered the gem-diol(ate) intermediate related with this process? This is a question that requires
more investigation.
On the other hand, and as indicated above, in the photosynthetic species P. lunula, the luciferin
is structurally similar to chlorophyll a [41], and in fact, P. lunula incorporated radioactively
labeled chlorophyll precursors into luciferin and chlorophyll, demonstrating a link between their
biosynthesis [43]. Janouskovec et al. [93] suggest that, since the non-photosynthetic species (Oxyrrhis,
Dinophysis, Noctiluca), show cryptic plastidial metabolisms not found in the cytoplasm, all free-living
dinoflagellates are dependent on plastids from a metabolic point of view. In this sence, plastid
tetrapyrrole biosynthesis could explain the presence of luciferin in non-pigmented species. The three
non-photosynthetic species reported by these authors carry multiple components of the plastid
tetrapyrrole pathway, but only two to three components of that are present on cytosol and mitochondria.
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A comparison between the data obtain by Janouskovec et al. [93] and the genome of Symbiodinium
minutum, suggest that a single tetrapyrrole pathway of a predominantly plastid origin that initiates
from glutamate is present in all core dinoflagellates, a typical characteristic of eukaryotic plastids [94].
The above-mentioned non-photosynthetics species also have genes of the membrane translocators for
triose phosphate, the plastid iron–sulfur system (SufB, C, D), and ferredoxin redox system (i.e., Fd
NADP+ reductase FNR) [93].
According to these authors the consistent presence of signal peptides and N-terminal extensions is
in harmony only with a plastid origin. The presence of the plastid tetrapyrrole pathway in the species
of Noctiluca, leading to the precursors of chlorophyll, also could explain the production of luciferin by
biosynthesis, at least in some species. Apparently, the plastid tetrapyrrole pathway is indispensable
for heme synthesis in all core dinoflagellates and could therefore be related to luciferin production
in any bioluminescent dinoflagellate, independently of the presence of photosynthesis. This could
explain the synthesis of luciferin derived from an earlier intermediate of the chlorophyll synthesis
pathway from a chlorine-like tetrapyrrole or chlorophyllide. Although this hypothesis needs to be
tested, their finding of the plastid tetrapyrrole pathway reinforce the possibility that bioluminescence
in non-photosynthetic dinoflagellates depend on a biosynthetic pathway readapted from chlorophyll
and heme production [93].
In relation to the synthesis process of the tetrapyrrole molecule, and considering a broader context,
it is evident that there is a relationship between the mechanism of synthesis of this molecule and the
appearance of photosynthesis. As pointed out by Martin et al. [95], the first ecosystems on earth were
chemotrophic, fueled by geological H2 and, for CO2 fixation, which required flavin-based electron
bifurcation to reduce ferredoxin and it is likely that the first photochemically active pigments were
Zn-tetrapyrroles. In such context, they suggest that after the evolution of red-absorbing chlorophyll-like
pigments, the first mechanism of action involved a light-driven electron transport chain that reduced
ferredoxin through a reaction center progenitor by electrons and H2S. Framed in this complex scenario,
these authors also suggested that photosynthesis subsequently arose in a cyanobacterial progenitor
(anoxygenic), being the chlorophyll a, the ancestral configuration [95]. It is also important to note that
biosynthesis of chlorophyll a and heme, as well as its bilin pigments derived from it, share common steps
and they require O2 for catalysis, and can be carried out by oxygen-dependent coproporphyrinogen III
oxidase [96].
4. Glutathione S-Transferase (GST)
The antioxidant enzyme GST of P. lunula (GenBank AAN85429.1) [35,97] present a
pfam05295 domain (Luciferase_N), showing also high conservation with the sequences found in
LCF and LBP (Figure 8). As a possible explanation for this homology, it was suggested the exon
recombination [4]. However, the role of this N-terminal sequence on P. lunula GST remains unknown [97].
In addition, a GST-N-Sigma-like domain (thioredoxin-like superfamily), is also detected. The members
of this group can change the redox state of target proteins through the reversible oxidation of their
dithiol active site, functioning as protein disulfide oxidoreductases. In the reduced state, the thiol of
the cysteine is able to donate a reduction equivalent (+e-/H+) to other unstable molecules [97], such as
luciferin, a highly reactive oxygen species.
GSTs comprise a large family of eukaryotic and prokaryotic isozymes known for their ability
to catalyze the conjugation of the reduced form of glutathione (GSH) to xenobiotic substrates for
detoxification [98,99]. Could GST be the NAD(P)H-dependent reductase that controls the state of
reduction of P630? (Figure 10). The presence of this GST, with a domain of the bioluminescent system
(Luciferase_N, pfam05295), which is also part of the cytochrome P450 metabolic cycle, could indicate
that it is involved in the synthesis process of luciferin through a CIEEL and/or TICT electron transfer
system? In P. lunula, the domain Luciferase_N (pfam05295) is a common thread between GST, LBP,
and LCF. However, GST has not been reported in other Gonyaulacales (Figure 5).
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Furthermore, studies focused on the NADPH-dependent detoxification indicated that eukaryotic
cells use several mechanisms to cope with the deleterious effects of reactive carbonyls; GSTs pathway,
which are associated with the GSH or thioredoxin redox cycle, conjugates aldehydes with GSH,
representing an important system for detoxification [100]. The GST proteins are a diverse family;
and some of these are localized in the chloroplasts and mitochondria. Because chloroplasts contain
a millimolar order of GSH, the GSH-dependent detoxification mechanism is thought to be very
effective [101].
An exhaustive search in the GenBank databases revealed that the presence of the domain
pfam05295 (Luciferase_N) in the GST has only been reported for P. lunula [35,94,97]. If indeed this
isoform is involved in the process of controlling the oxidative degradation of luciferin in this species,
this could explain the fact that P. lunula contains more luciferin than any other dinoflagellate known to
date, up to 100 times more than in L. polyedrum for example [25].
5. Function of Bioluminescence in Dinoflagellates
In the case of dinoflagellates, it has been proposed that defense against predators is the main
ecological role of bioluminescence [102–104] and, therefore, would have a fundamental function in
the ecosystem structure. In the marine environment, the role of bioluminescence has been studied
mostly in bacteria and in the deep waters mega-fauna, where it plays several important functions like
camouflage, courtship, and defense against predators [2,105]; however, the role of bioluminescence
in dinoflagellates has been studied in a less detailed way and some of the concepts that have been
suggested are only supported by insufficient experimental information.
It has been reported that bioluminescence mechanism of dinoflagellates can be activated by the
proximity or zooplankton contact [106,107]. On the other hand, several studies have been reported
the photo-phobic responses of marine zooplankton to flash of artificial light [103,108], suggesting
that bioluminescence could grant an evolutionary advantage by reducing the selective predation
pressure. An extensively accepted theory proposed long ago is that bioluminescence can protect
indirectly by acting as a “burglar alarm”, drawing the attention of higher order visual predators to the
copepod’s location [109]. It was postulated that even if the flashing dinoflagellate dies, the population
will continue to benefit because the blooms are formed asexually [38]. It has been reported that
copepodamides, polar lipids exuded by copepods, induce an increase in the bioluminescence of L.
polyedra, generating a brighter flash [110]. In addition, the copepod Acartia tonsa goes from preferring
L. polyedra as a prey when it does not produce bioluminescence, to an almost complete rejection when
L. polyedra is previously treated with copepodamides to induce a greater bioluminescent capacity [111].
More recently, Hanley and Widder [112] proposed three hypotheses to explain why dinoflagellate
bioluminescence deters the predation by copepod: aposematic warning, startle response, and burglar
alarm. The burglar alarm is the most accepted hypothesis; however, it demands a high concentration
in the bioluminescent population to be effective, therefore the bioluminescence selective advantage at
lower concentrations could be the result of another role like aposematic warning or startle response.
On the other hand, Wilson and Hastings [72] have proposed another hypothesis for the original
role of bioluminescence. This is based on the bioluminescence systems of fireflies and bacteria;
however, it is also feasible for dinoflagellates. In this, so called “oxygen defense hypothesis”, they
argue that bioluminescence systems evolved in response to low oxygen levels during the great
oxidation event, when photosynthesis evolved. Since all bioluminescence systems consume oxygen,
Wilson and Hastings [72] pointed out they can detoxify from reactive oxygen species like inorganic
and organic peroxides, free radicals, oxygen ions, and the production of light is only a by-product.
Bioluminescence would have obtained a different function when antioxidant pathways were generalized
by increasing oxygen levels [38].
Nowadays, the hypothesis of defense against predators has been more investigated and
established [112], and the “defense of oxygen” [72] would explain how the bioluminescence arose
and evolved before it developed an effect on another group of organisms that could exert selective
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pressure. However, this does not implicate that bioluminescence has the same role in the modern
ocean. Integrated studies of gene regulation and evolution, combined with environmental factors and
ecological interactions, would provide us with new perspectives to understand the purpose of this
extraordinary functional innovation in dinoflagellates [38].
6. Conclusions
P. lunula has been established as a model organism for the study of the phenomenon of
bioluminescence in dinoflagellates and the presence of several isoforms of both the LCF and LBP
protein in this species, highlights the variety and complexity of the underlying molecular mechanism.
Likewise, the review of the available information suggests that the P630 or blue compound is one of
the precursors of luciferin, and at least in P. lunula, the GST protein could be involved in the synthesis
process of this molecule through a revolutionary electron transfer mechanism. In relation to the original
ancestral function of bioluminescence in dinoflagellates, this seems to be related to a mechanism for
the regulation of excess reducing power at the intracellular level, and with the passing of time it has
derived in other functions, like the defense against predators, that have importance from the point of
view of the structure of the ecosystem.
Author Contributions: Conceptualization, C.F. and M.D.D.; Methodology, C.F., H.R. and M.D.D.; Software,
C.F. and M.D.D.; Validation, C.F., H.R. and M.D.D.; Formal Analysis, C.F., H.R. and M.D.D.; Investigation,
C.F. and M.D.D.; Data Curation, C.F., H.R. and M.D.D.; Writing–Original Draft Preparation, C.F., M.DD., H.R.,
G.M.-R., B.C., J.M.M. and F.J.F.A; Writing–Review & Editing, C.F., M.D.D., H.R., G.M.-R., B.C., J.M.M. and F.J.F.-A.;
Visualization, C.F. and M.D.D.; Supervision, J.M.M. and F.J.F.-A.; Project Administration, J.M.M. and F.J.F.-A.;
Funding Acquisition B.C., J.M.M. and F.J.F.-A. All authors have read and agreed to the published version of
the manuscript.
Funding: This work was partly supported by the Ministry of Economy, Industry and Competitiveness of Spanish
Government under the Collaboration Challenges program (A4HW project, RTC-2016-4860-2), and co-financed
by the European Union through FEDER funds. C.F. was partly sponsored through scholarships granted by the
International Relations Office of the University of Cadiz (ORI-UCA) in the frame of ERASMUS+ program; and the
Ibero-American Postgraduate University Association (AUIP). B.C. was supported by Fundação para a Ciência e a
Tecnologia (FCT, Portugal) through grant IF/00197/2015.






TD-DFT Time-Dependent Density Functional Theory
TICT Twisted Intramolecular Charge Transfer
References
1. Widder, E. Marine bioluminescence. Biosci. Explain. 2001, 1, 1–9.
2. Haddock, S.; Moline, M.; Case, J. Bioluminescence in the sea. Annu Rev. Mar. Sci. 2010, 2, 443–493. [CrossRef]
[PubMed]
3. Fuller, C.W.; Kreiss, P.; Seliger, H.H. Particulate Bioluininescence in Dinoflagellates: Dissociation and Partial
Reconstitution. Science 1972, 177, 884–885. [CrossRef] [PubMed]
4. Li, L.; Hastings, J.W. The structure and organization of the luciferase gene in the photosynthetic dinoflagellate
Gonyaulax polyedra. Plant. Mol. Biol. 1998, 36, 275–284. [CrossRef] [PubMed]
5. Shimomura, O. Bioluminescence: Chemical Principles and Methods; Revised Edition; World Scientific Publishing
Co. Pte. Ltd.: Singapore, 2012; ISBN 978-98-1436-608-3.
6. Swift, E.; Taylor, W. Bioluminescence and chloroplast movement in the dinoflagellate Pyrocystis lunula.
J. Phycol. 1967, 3, 77–81. [CrossRef] [PubMed]
Int. J. Mol. Sci. 2020, 21, 1784 18 of 22
7. Biggley, W.H.; Swift, E.; Buchanan, R.J.; Seliger, H.H. Stimulable and spontaneous bioluminescence in the
marine dinoflagellates, Pyrodinium bahamense, Gonyaulax polyedra, and Pyrocystis lunula. J. Gen. Physiol. 1969,
54, 96–122. [CrossRef]
8. Lecuyer, B.; Arrio, B.; Pincemin, J. Purification of Pyrocystis lunula luciferase. C. R. Acad. Sci. Hebd.
Seances Acad. Sci. D 1974, 279, 1209–1212.
9. Colepicolo, P.; Roenneberg, T.; Morse, D.; Taylor, W.; Hastings, J. Circadian regulation of bioluminescence in
the dinoflagellate Pyrocyctis lunula. J. Phycol. 1993, 29, 173–179. [CrossRef]
10. Heimann, K.; Klerks, P.; Hasenstein, K. Involvement of actin and microtubules in regulation of
bioluminescence and translocation of chloroplasts in the dinoflagellate Pyrocystis lunula. Bot. Mar. 2009, 52,
170–177. [CrossRef]
11. Stauber, J.; Binet, M.; Bao, V.; Boge, J.; Zhang, A.; Leung, K.; Adams, M. Comparison of the QwikLite algal
bioluminescence test with marine algal growth rate inhibition bioassays. Environ. Toxicol. 2008, 23, 617–625.
[CrossRef]
12. Hildenbrand, Z.L.; Osorio, A.; Carlton, D.D.; Fontenot, B.E.; Walton, J.L.; Hunt, L.R.; Oka, H.; Hopkins, D.;
Bjorndal, B.; Schug, K.A. Rapid analysis of eukaryotic bioluminescence to assess potential groundwater
contamination events. J. Chem. 2015, 957608, 1–6. [CrossRef]
13. Wu, C.; Kurinomaru, T. Development of the bioluminescent immunoassay for the detection of
5-hydroxymethylcytosine in dinoflagellate. Anal. Sci. 2019, 35, 301–305. [CrossRef] [PubMed]
14. Bachvaroff, T.R.; Gornik, S.G.; Concepcion, G.T.; Waller, R.F.; Mendez, G.S.; Lippmeier, J.C.; Delwiche, C.F.
Dinoflagellate phylogeny revisited: Using ribosomal proteins to resolve deep branching dinoflagellate clades.
Mol. Phylogenet. Evol. 2014, 70, 314–322. [CrossRef]
15. Swift, E.; Remsen, C. The cell wall of Pyrocystis spp. (Dinococcales). J. Phycol. 1970, 6, 79–86. [CrossRef]
16. Seo, K.; Fritz, L. Cell ultrastructural changes correlate with circadian rhythms in Pyrocystis lunula (Pyrrophyta).
J. Phycol. 2000, 36, 351–358. [CrossRef]
17. Steidinger, K.; Tangen, K. Dinoflagellates. In Identifying Marine Phytoplankton; Tomas, C., Ed.; Academic
Press: New York, NY, USA, 1997; pp. 519–520.
18. Elbrächter, M.; Drebes, G. Life cycles, phylogeny and taxonomy of Dissodinium and Pyrocystis (Dinophyta).
Helgol. Mar. Res. 1978, 31, 347–366. [CrossRef]
19. Seo, K.; Fritz, L. Evidence for sexual reproduction in the marine dinoflagellates, Pyrocystis noctiluca and
Pyrocystis lunula (Dinophyta). J. Phycol. 2001, 37, 530–535. [CrossRef]
20. Hastings, J.W. Circadian rhythms in dinoflagellates: What is the purpose of synthesis and destruction of
proteins? Microorganisms 2013, 1, 26–32. [CrossRef]
21. Shanks, A. An Identification Guide to the Larval Marine Invertebrates of the Pacific Northwest; Oregon State
University Press: Corvalis, OR, USA, 2001; pp. 291–293.
22. Yu, M.; Ohmiya, Y.; Naumov, P.; Liu, Y.J. Theoretical insight into the emission properties of the luciferin and
oxyluciferin of Latia. Photochem. Photobiol. 2018, 94, 540–544. [CrossRef]
23. Schmitter, R.; Njus, D.; Sulzman, F.; Gooch, V.; Hastings, J. Dinoflagellate bioluminescence: A comparative
study of in vitro components. J. Cell. Physiol. 1976, 87, 123–134. [CrossRef]
24. Johnson, C.; Inoue, S.; Flint, A.; Hastings, J. Compartmentalization of algal bioluminescence–autofluorescence
of bioluminescent particles in the dinoflagellate Gonyaulax as studied with image-intensified video microscopy
and flow cytometry. J. Cell Biol. 1985, 100, 1435–1446. [CrossRef]
25. Knaust, R.; Urbig, T.; Li, L.; Taylor, W.; Hastings, J. The circadian rhythm of bioluminescence in Pyrocystis is
not due to differences in the amount of luciferase: A comparative study of three bioluminescent marine
dinoflagellates. J. Phycol. 1998, 34, 167–172. [CrossRef]
26. Akimoto, H.; Wu, C.; Kinumi, T.; Ohmiya, Y. Biological rhythmicity in expressed proteins of the marine
dinoflagellate Lingulodinium polyedrum demonstrated by chronological proteomics. Biochem. Biophys. Res.
Commun. 2004, 315, 306–312. [CrossRef] [PubMed]
27. Machabee, S.; Wall, L.; Morse, D. Expression and genomic organization of a dinoflagellate gene family.
Plant. Mol. Biol. 1994, 25, 23–31. [CrossRef] [PubMed]
28. Tanikawa, N.; Akimoto, H.; Ogoh, K.; Chun, W.; Ohmiya, Y. Expressed sequence tag analysis of the
dinoflagellate Lingulodinium polyedrum during dark phase. Photochem. Photobiol. 2004, 80, 31–35. [CrossRef]
[PubMed]
Int. J. Mol. Sci. 2020, 21, 1784 19 of 22
29. Fogel, M.; Hastings, J. A substrate-binding protein in the Gonyaulax bioluminescence reaction.
Arch. Biochem. Biophys. 1971, 142, 310–321. [CrossRef]
30. Morse, D.; Pappenheimer, A.; Hastings, J. Role of a luciferin-binding protein in the circadian bioluminescent
reaction of Gonyaulax polyedra. J. Biol. Chem. 1989, 264, 11822–11826.
31. Liu, L.; Hastings, J. Two different domains of the luciferase gene in the heterotrophic dinoflagellate Noctiluca
scintillans occur as two separate genes in photosynthetic species. Proc. Natl. Acad. Sci. USA 2007, 104,
696–701. [CrossRef]
32. Erdner, D.; Anderson, D. Global transcriptional profiling of the toxic dinoflagellate Alexandrium fundyense
using massively parallel signature sequencing. BMC Genom. 2006, 7, 88. [CrossRef]
33. Uribe, P.; Fuentes, D.; Valdés, J.; Shmaryahu, A.; Zúñiga, A.; Holmes, D.; Valenzuela, P. Preparation and
analysis of an expressed sequence tag library from the toxic dinoflagellate Alexandrium catenella. Mar. Biotechnol.
2008, 10, 692–700. [CrossRef]
34. Jaeckisch, N.; Yang, I.; Wohlrab, S.; Glöckner, G.; Kroymann, J.; Vogel, H.; Cembella, A.; John, U.
Comparative genomic and transcriptomic characterization of the toxigenic marine dinoflagellate Alexandrium
ostenfeldii. PLoS ONE 2011, 6, e28012. [CrossRef] [PubMed]
35. Fajardo, C.; Amil-Ruiz, F.; Fuentes-Almagro, C.; De Donato, M.; Martínez-Rodriguez, G.; Escobar-Niño, A.;
Carrasco, R.; Mancera, J.M.; Fernandez-Acero, F.J. An “omic” approach to Pyrocystis lunula: New insights
related with this bioluminescent dinoflagellate. J. Proteom. 2019, 209, 103502. [CrossRef] [PubMed]
36. Hackett, J.; Scheetz, T.; Yoon, H.; Soares, M.; Bonaldo, M.; Casavant, T.; Bhattacharya, D. Insights into
a dinoflagellate genome through expressed sequence tag analysis. BMC Genom. 2005, 6, 80. [CrossRef]
[PubMed]
37. Valiadi, M.; Iglesias-Rodriguez, M. Diversity of the luciferin binding protein gene in bioluminescent
dinoflagellates–Insights from a new gene in Noctiluca scintillans and sequences from Gonyaulacoid genera.
J. Eukaryot. Microbiol. 2014, 61, 134–145. [CrossRef]
38. Valiadi, M.; Iglesias-Rodriguez, M. Understanding bioluminescence in dinoflagellates: How far have we
come? Microorganisms 2013, 1, 3–25. [CrossRef]
39. Okamoto, O.; Liu, L.; Robertson, D.; Hastings, J. Members of a dinoflagellate luciferase gene family differ in
synonymous substitution rates. Biochemistry 2001, 40, 15862–15868. [CrossRef]
40. Nakamura, H.; Kishi, Y.; Shimomura, O.; Morse, D.; Hastings, J. Structure of dinoflagellate luciferin and its
enzymic and nonenzymic air-oxidation products. J. Am. Chem. Soc. 1989, 111, 7607–7611. [CrossRef]
41. Topalov, G.; Kishi, Y. Chlorophyll catabolism leading to the skeleton of dinoflagellate and krill luciferins:
Hypothesis and model studies. Angew. Chem. Int. Ed. 2001, 40, 3892–3894. [CrossRef]
42. Yamaguchi, A.; Horiguchi, T. Culture of the heterotrophic dinoflagellate Protoperidinium crassipes
(Dinophyceae) with noncellular food items. J. Phycol. 2008, 44, 1090–1092. [CrossRef]
43. Wu, C.; Akimoto, H.; Ohmiya, Y. Tracer studies on dinoflagellate luciferin with [15N]-glycine and
[15N]-L-glutamic acid in the dinoflagellate Pyrocystis lunula. Tetrahedron Lett. 2003, 44, 1263–1266. [CrossRef]
44. Fresneau, C.; Arrio, B. Pyrocystis lunula bioluminescence: Physicochemical characterization of the luciferin
precursor. Arch. Biochem. Biophys. 1988, 265, 22–27. [CrossRef]
45. Edgar, R. MUSCLE: Multiple sequence alignment with high accuracy and high throughput. Nucleic Acids Res.
2004, 32, 1792–1797. [CrossRef] [PubMed]
46. Tamura, K.; Nei, M. Estimation of the number of nucleotide substitutions in the control region of mitochondrial
DNA in humans and chimpanzees. Mol. Biol. Evol. 1993, 10, 512–526. [CrossRef] [PubMed]
47. Kumar, S.; Stecher, G.; Tamura, K. MEGA7: Molecular evolutionary genetics analysis version 7.0 for bigger
datasets. Mol. Biol. Evol. 2016, 33, 1870–1874. [CrossRef] [PubMed]
48. Nei, M.; Kumar, S. Molecular Evolution and Phylogenetics; Oxford University Press: Oxford, UK, 2000;
ISBN 0-19-513584-9.
49. Kelley, L.; Mezulis, S.; Yates, C.; Wass, M.; Sternberg, M. The Phyre2 web portal for protein modeling,
prediction and analysis. Nat. Protoc. 2015, 10, 845–858. [CrossRef]
50. Reynolds, C.; Islam, S.; Sternberg, M. EzMol: A web server wizard for the rapid visualization and image
production of protein and nucleic acid structures. J. Mol. Biol. 2018, 430, 2244–2248. [CrossRef]
51. Hastings, J.; Morin, J. Bioluminescence. In Neural and Integrative Animal Physiology; Prosser, C.L., Ed.;
Wiley-Interscience: New York, NY, USA, 1991; pp. 131–170.
Int. J. Mol. Sci. 2020, 21, 1784 20 of 22
52. Nicolas, M.; Nicolas, G.; Johnson, C.; Bassot, J.; Hastings, J. Characterization of the bioluminescent organelles
in Gonyaulax polyedra (Dinoflagellates) after fast-freeze fixation and anti-luciferase immuno-gold staining.
J. Cell Biol. 1987, 105, 723–735. [CrossRef]
53. DeSa, R.; Hastings, J. The characterization of scintillons. Bioluminescent particles from the marine
dinoflagellate Gonyaulax polyedra. J. Gen. Physiol. 1968, 51, 105–122. [CrossRef]
54. Smith, S.; Morgan, D.; Musset, B.; Cherny, V.; Place, A.; Hastings, J.; Decoursey, T. Voltage gated proton
channel in a dinoflagellate. Proc. Natl. Acad. Sci. USA 2011, 108, 18162–18167. [CrossRef]
55. Rodriguez, J.; Haq, S.; Bachvaroff, T.; Nowak, K.; Nowak, S.; Morgan, D.; Cherny, V.; Sapp, M.; Bernstein, S.;
Bolt, A.; et al. Identification of a vacuolar proton channel that triggers the bioluminescent flash in
dinoflagellates. PLoS ONE 2017, 12, e0171594. [CrossRef]
56. Seliger, H.; Biggley, W.; Swift, E. Absolute values of photon emission from the marine dinoflagellates
Pyrodinium bahamense, Gonyaulax polyedra and Pyrocystis lunula. Photochem. Photobiol. 1969, 10, 227–232.
[CrossRef] [PubMed]
57. Wilson, T.; Hastings, J. Bioluminescence. Ann. Rev. Cell Dev. Biol. 1998, 14, 197–230. [CrossRef] [PubMed]
58. Hardeland, R. Circadian rhythms of bioluminescence in two species of Pyrocystis (Dinophyta).
Measurements in cell populations and in single cells. J. Interdiscipl. Cycle Res. 1982, 13, 49–54. [CrossRef]
59. Hardeland, R.; Nord, P. Visualization of free-running circadian rhythms in the dinoflagellate Pyrocystis
noctiluca. Mar. Behav. Physiol. 1984, 11, 199–207. [CrossRef]
60. Widder, E.; Case, J. Distribution of sub-cellular bioluminiscent sources in a dinoflagellate, Pyrocystis fusiformis.
Biol Bull. 1982, 162, 423–448. [CrossRef]
61. Eckert, R. Bioelectric control of bioluminescence in the dinoflagellate Noctiluca: Asynchronous flash initiation
by a propagated triggering potential. Science 1965, 147, 1142–1145. [CrossRef]
62. Widder, E.; Case, J. Bioluminescence excitation in a dinoflagellate. In Bioluminescence Current Perspectives;
Nealson, K., Ed.; Burgess Pub. Co.: Minneapolis, MN, USA, 1981; pp. 125–132.
63. Latz, M.; Bovard, M.; Groisman, A. Bioluminescent response of individual dinoflagellate cells to
hydrodynamic stress measured with millisecond resolution in a microfluidic device. J. Exp. Biol. 2008, 211,
2865–2875. [CrossRef]
64. Tesson, B.; Latz, M. Mechanosensitivity of a rapid bioluminescence reporter system assessed by atomic force
microscopy. Biophys. J. 2015, 108, 1341–1351. [CrossRef]
65. Morishita, H.; Ohashi, S.; Oku, T.; Nakajima, Y.; Kojima, S.; Ryufuku, M.; Ohmiya, Y. Cloning and
characterization of an active fragment of luciferase from a luminescent marine alga, Pyrocystis lunula.
Photochem. Photobiol. 2002, 75, 311–315. [CrossRef]
66. Liu, L.; Wilson, T.; Hastings, J. Molecular evolution of dinoflagellate luciferases, enzymes with three catalytic
domains in a single polypeptide. Proc. Natl. Acad. Sci. USA 2004, 101, 16555–16560. [CrossRef]
67. Valiadi, M.; Iglesias-Rodriguez, D.; Amorim, A. Distribution and genetic diversity of the luciferase gene
within marine dinoflagellates. J. Phycol. 2012, 48, 826–836. [CrossRef] [PubMed]
68. Orr, R.; Murray, S.; Stuken, A.; Rhodes, L.; Jakobsen, K. When naked became armored: An eight-gene
phylogeny reveals monophyletic origin of theca in dinoflagellates. PLoS ONE 2012, 7, e50004. [CrossRef]
[PubMed]
69. Li, L.; Liu, L.; Hong, R.; Robertson, D.; Hastings, J. N-terminal intramolecularly conserved histidines of three
domains in Gonylaulax luciferase are responsible for loss of activity in the alkaline region. Biochemistry 2001,
40, 1844–1849. [CrossRef] [PubMed]
70. Li, L.; Hong, R.; Hastings, J. Three functional luciferase domains in a single polypeptide chain. Proc. Natl.
Acad. Sci. USA 1997, 94, 8954–8958. [CrossRef]
71. Schultz, L.; Liu, L.; Cegielski, M.; Hastings, J. Crystal structure of a pH-regulated luciferase catalyzing the
bioluminescent oxidation of an open tetrapyrrole. Proc. Natl. Acad. Sci. USA 2005, 102, 1378–1383. [CrossRef]
72. Wilson, T.; Hastings, J. Bioluminescence: Living Lights, Lights for Living; Harvard University Press: Cambridge,
UK, 2013; ISBN 978-0674067165.
73. Donnan, P.H.; Ngo, P.D.; Mansoorabadi, S.O. Constant pH Accelerated Molecular Dynamics Investigation of
the pH Regulation Mechanism of Dinoflagellate Luciferase. Biochemistry 2017, 57, 295–299. [CrossRef]
74. Jackson, A. Tandem gene arrays in Trypanosoma brucei: Comparative phylogenomic analysis of duplicate
sequence variation. BMC Evol. Biol. 2007, 7, 54. [CrossRef]
75. Lin, S. Genomic understanding of dinoflagellates. Res. Microbiol. 2011, 162, 551–569. [CrossRef]
Int. J. Mol. Sci. 2020, 21, 1784 21 of 22
76. Lee, D.; Mittag, M.; Sczekan, S.; Morse, D.; Hastings, J. Molecular cloning and genomic organization of a gene
for luciferin-binding protein from the dinoflagellate Gonyaulax polyedra. J. Biol. Chem. 1993, 268, 8842–8850.
77. Nicolas, M.; Morse, D.; Bassot, J.; Hastings, J. Colocalization of luciferin binding protein and luciferase to the
scintillons of Gonyaulax polyedra revealed by immunolabeling after fast-freeze fixation. Protoplasma 1991, 160,
159–166. [CrossRef]
78. Bachvaroff, T.; Place, A. From stop to start: Tandem gene arrangement, copy number and trans-splicing sites
in the dinoflagellate Amphidinium carterae. PLoS ONE 2008, 3, e2929. [CrossRef] [PubMed]
79. Slamovits, C.; Keeling, P. Widespread recycling of processed cDNAs in dinoflagellates. Curr. Biol. 2008, 18,
R550–R552. [CrossRef] [PubMed]
80. Wang, M.; Liu, Y. Theoretical study of dinoflagellate bioluminescence. Photochem. Photobiol. 2017, 93, 511–518.
[CrossRef] [PubMed]
81. Dunlap, J.; Hastings, J. Biochemistry of dinoflagellate bioluminescence: Purification and characterization of
dinoflagellate luciferin from Pyrocystis lunula. Biochemistry 1981, 20, 983–989. [CrossRef] [PubMed]
82. Hamman, J.; Seliger, H. The mechanical triggering of bioluminescence in marine dinoflagellates: Chemical
basis. J. Cell. Physiol. 1972, 80, 397–408. [CrossRef]
83. Fresneau, C.; Hill, M.; Lescure, N.; Arrio, B.; Dupaix, A.; Volfin, P. Dinoflagellate luminescence: Purification of
a NAD(P)H-dependent reductase and of its substrate. Arch. Biochem. Biophys. 1986, 251, 495–503. [CrossRef]
84. Buchanan, B. Thioredoxin System and Glutaredoxin Systems; Raven Press: New York, NY, USA, 1985.
85. Bennoun, P. Evidence for a respiratory chain in the chloroplast. Proc. Natl. Acad. Sci. USA 1982, 79, 4352–4356.
[CrossRef]
86. Peschek, G. The cytochrome oxidase-hydrogenase relationship in cyanobacteria. Naturwissensch 1982, 69,
599–600. [CrossRef]
87. Omata, T.; Murata, N. Electron-transport reactions in cytoplasmic and thylakoid membranes prepared from
the cyanobacteria (blue-green algae) Anacystis nidulans and Synechocystis PCC 6714. Biochim. Biophys. Acta
1985, 810, 354–361. [CrossRef]
88. Doussiere, J.; Sainsard-Chanet, A.; Vignais, P. The respiratory chain of P. tetraurelia in wild-type and mutant
Cl1. Biochim. Biophys. Acta 1979, 548, 236–252. [CrossRef]
89. Ngo, P.; Mansoorabadi, S. Investigation of the Dinoflagellate Bioluminescence Mechanism: Chemically
Initiated Electron Exchange Luminescence or Twisted Intramolecular Charge Transfer? ChemPhotoChem 2017,
1, 383–387. [CrossRef]
90. Koo, J.; Schmidt, S.; Schuster, G. Bioluminescence of the firefly: Key steps in the formation of the electronically
excited state for model systems. Proc. Natl. Acad. Sci. USA 1978, 75, 30–33. [CrossRef] [PubMed]
91. Vacher, M.; Galvaán, I.; Ding, B.W.; Schramm, S.; Berraud-Pache, R.; Naumov, P.; Ferreé, N.; Liu, Y.J.;
Navizet, I.; Roca-Sanjuaán, D.; et al. Chemi-and bioluminescence of cyclic peroxides. Chem. Rev. 2018, 118,
6927–6974. [CrossRef] [PubMed]
92. Grabowski, Z.; Rotkiewicz, K.; Rettig, W. Structural changes accompanying intramolecular electron transfer:
Focus on twisted intramolecular charge-transfer states and structures. Chem. Rev. 2003, 103, 3899–4032.
[CrossRef]
93. Janouskovec, J.; Gavelis, G.; Burki, F.; Dinh, D.; Bachvaroff, T.; Gornik, S.; Bright, K.; Imanian, B.; Strom, S.;
Delwiche, C.; et al. Major transitions in dinoflagellate evolution unveiled by phylotranscriptomics. Proc. Natl.
Acad. Sci. USA 2017, 114, E171–E180. [CrossRef]
94. Gornik, S.; Febrimarsa; Cassin, A.M.; MacRae, J.; Ramaprasad, A.; Rchiad, Z.; McConville, M.; Bacic, A.;
McFadden, G.; Pain, A.; et al. Endosymbiosis undone by stepwise elimination of the plastid in a parasitic
dinoflagellate. Proc. Natl. Acad. Sci. USA 2015, 112, 5767–5772. [CrossRef]
95. Martin, W.F.; Bryant, D.A.; Beatty, J.T. A physiological perspective on the origin and evolution of
photosynthesis. FEMS Microbiol. Rev. 2018, 42, 205–231. [CrossRef]
96. Fujita, Y.; Tsujimoto, R.; Aoki, R. Evolutionary Aspects and Regulation of Tetrapyrrole Biosynthesis in
Cyanobacteria under Aerobic and Anaerobic Environments. Life 2015, 5, 1172–1203. [CrossRef]
97. Okamoto, O.; Hastings, J. Genome-wide analysis of redox-regulated genes in a dinoflagellate. Gene 2003, 4,
73–81. [CrossRef]
98. Allocati, N.; Federici, L.; Masulli, M.; Di Ilio, C. Glutathione transferases in bacteria. FEBS J. 2009, 276, 58–75.
[CrossRef]
Int. J. Mol. Sci. 2020, 21, 1784 22 of 22
99. Atkinson, H.; Babbitt, P. Glutathione transferases are structural and functional outliers in the thioredoxin
fold. Biochemistry 2009, 48, 11108–11116. [CrossRef] [PubMed]
100. Hartley, D.; Ruth, J.; Petersen, D. The hepatocellular metabolism of 4-hydroxynonenal by alcohol
dehydrogenase, aldehyde dehydrogenase and glutathione S-transferase. Arch. Biochem. Biophys. 1995, 16,
197–205. [CrossRef] [PubMed]
101. Yamauchi, Y.; Hasegawa, A.; Taninaka, A.; Mizutani, M.; Sugimoto, Y. NADPH-dependent reductases
involved in the detoxification of reactive carbonyls in plants. J. Biol. Chem. 2011, 286, 6999–7009. [CrossRef]
[PubMed]
102. Abrahams, M.; Townsend, L. Bioluminescence in dinoflagellates: A test of the burglar alarm hypothesis.
Ecology 1993, 74, 258–260. [CrossRef]
103. Buskey, E.; Mills, L.; Swift, E. The effects of dinoflagellate bioluminescence on the swimming behavior of a
marine copepod. Limnol. Oceanogr. 1983, 28, 575–579. [CrossRef]
104. Marcinko, C.; Painter, S.; Martin, A.; Allen, J. A review of the measurement and modelling of dinoflagellate
bioluminescence. Prog. Oceanogr. 2013, 109, 117–129. [CrossRef]
105. Widder, E. Bioluminescence in the ocean: Origins of biological, chemical, and ecological diversity. Science
2010, 328, 704–708. [CrossRef]
106. Latz, M.; Case, J.; Gran, R. Excitation of bioluminescence by laminar fluid shear associated with simple
Couette flow. Limnol. Oceanogr. 1994, 39, 1424–1439. [CrossRef]
107. Maldonado, E.; Latz, M. Shear-stress dependence of dinoflagellate bioluminescence. Biol. Bull. 2007, 212,
242–249. [CrossRef]
108. Buskey, E.; Mann, C.; Swift, E. Photophobic responses of calanoid copepods: Possible adaptive value.
J. Plankton Res. 1987, 9, 857–870. [CrossRef]
109. Burkenroad, M. A possible function of bioluminescence. J. Mar. Res. 1943, 5, 161–164.
110. Prevett, A.; Lindström, J.; Xu, J.; Karlson, B.; Selander, E. Grazer-induced bioluminescence gives dinoflagellates
a competitive edge. Curr. Biol. 2019, 29, R564–R565. [CrossRef] [PubMed]
111. Lindström, J.; Grebner, W.; Rigby, K.; Selander, E. Effects of predator lipids on dinoflagellate defence
mechanisms—increased bioluminescence capacity. Sci. Rep. 2017, 7, 13104. [CrossRef] [PubMed]
112. Hanley, K.; Widder, E. Bioluminescence in dinoflagellates: Evidence that the adaptive value of
bioluminescence in dinoflagellates is concentration dependent. Photochem. Photobiol. 2017, 93, 519–530.
[CrossRef] [PubMed]
© 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
article distributed under the terms and conditions of the Creative Commons Attribution
(CC BY) license (http://creativecommons.org/licenses/by/4.0/).
